Abstract: For wireless power transferred (WPT) system with multi-receiver, the cross coupling effect between non-adjacent coils may seriously impact the performance of the system, decreasing the transferred power and the efficiency. In this paper, a theoretical analysis on the transferred power and the efficiency of two kinds of WPT system models with two-receiver is proposed via circuit theory. Furthermore, a reactance compensatory method is proposed to eliminate the adverse effect brought about by cross coupling, as well as a performance evaluated method introduced for comparing the transferred power and the efficiency before and after compensation. Numerical simulations and experimental results show the transferred power and the performance score are increased remarkably after compensationand it verifies the feasibility of this compensatory method.
Introduction
The concept of wireless power transferred (WPT) could be traced back to Nikola Tesla, who lighted a bulb when the absence of any wire to connect [1] , in the late nineteenth century. In 2007, A. Kurs and et al proposed a new wireless power transferred technology [2] , which once again aroused the interest of researchers. Via magnetic resonance coupling link, the technology may transfer the electrical energy in a short distance efficiently. It can penetrate the non-magnetic obstacles with little electromagnetic radiation. And thus it has been widely applied in the field of consumer electronic products, electric vehicles and implantable medical devices for charging application [1, 3, 4, 5] and etc. In recent years, some researchers have paid more attention to WPT applications with multi-repeater or multi-receiver, which ulteriorly leads to the concept wireless power transfer local area network (WPT-LAN) [6, 7, 8] . However, for WPT system, with the number of resonance coils greater than two, the cross coupling between non-adjacent coils, may seriously impact the transferred power and the transmission efficiency [9] , and thus the cross coupling effect should be taken into account [10] . In this paper, we study the equivalent circuit model of the WPT system divided into two kinds of structure Type A and Type B with one TX and two RX, and clarify that the influence of the cross coupling between non-adjacent coils on the transferred power and the efficiency. Then the reactance compensation method is proposed to eliminate cross coupling which is introduced with a performance evaluated method for system. With numerical simulations and analyzing experimental results shown, it is verified as an effective and convenient method to eliminate the cross coupling effect, which can be extended to WPT system with multi-repeater and multi-receiver.
2 Theoretical analysis 2.1 Equivalent circuit model of the WPT system with two receivers As shown in Fig. 1 , the WPT system can be divided into two kinds of structure. When a RX can be used as a repeater, the structure of the system is Type A, and the other is Type B with two RX symmetrical about the TX. The meaning of the parameters and symbols in Type B is same to those in Type A, and all coils are coaxial in each type. R S , R L1 and R L2 are the equivalent resistance of power supply and two loads. R 1 , R 2 and R 3 are the loss resistance in each loop, including dissipative resistance in coils and capacitors. L 1 , L 2 and L 3 are the inductance and C 1 , C 2 and C 3 are the tuning capacitor for the transmitter, the repeater and the receiver, respectively. These coils are usually fabricated as circular or square winding from copper wire, and we use circular winding in the experiments. M 12 , M 23 and M 13 are the mutual inductances between the coils, and Eq. (1):
k mn is the corresponding inductive coupling coefficient. The angular frequency ! 0 of the voltage source is usually equal to that of TX, RX and repeater, and satisfies Eq. (2):
where I 1 , I 2 and I 3 represent the current flowing on the three coils. According to Kirchhoff's laws, WPT system could be described as Eq. (3):
where ½U ¼ ½V S 0 0 T , ½I ¼ ½I 1 I 2 I 3 T and ½Z represents the impedance matrix, which can be written as Eq. (4) and Eq. (5):
The total load power and the transmission efficiency can be defined as Eq. (6) and Eq. (7) respectively,
The cases with cross coupling ignored
In general, the cross coupling between nonadjacent coils such as TX and RX2 for Type A or RX1 and RX2 for Type B can be ignored when the nonadjacent coils are placed far away from each other. In such circumstance, for Type A, the ratio of average power for two receiver loads and the maximum power condition can be written as Eq. (8) and Eq. (9) respectively, 
where P mid and P end represent the receiving power of repeater and the receiving power of receiver [11] . And for Type B, the ratio of average power for two receiver loads and the maximum power condition can be written as Eq. (10) and Eq. (11) respectively,
where P LT and P RT represent the receiving power of R L1 and R L2 respectively [12].
The influence of cross coupling on the system
For real applications, if the number of coils is more than two, there are cross couplings between non-adjacent coils, which may seriously impact the transferred power and the efficiency, as shown in Fig. 2 and Fig. 3 . For example, suppose . And the consequence of comparing with the non-cross coupling is that curves v.s. !=! 0 are shown in Fig. 2 and Fig. 3 . Therefore, to improve the performance of the system such as enhancing the transmission efficiency and total transmission power, one must consider cautiously the cross coupling effect for the system. In order to study the influence, we introduce a method that also named as the efficacy coefficient method usually used in the evaluation of the enterprise achievement to evaluate it. Because the transferred power and the efficiency are equally important to this system, and the performance of the system is hardly evaluated by one target, for example, the Based on the principle of multi-objective programming [13] which is a branch of mathematical programming when one target is difficult to judge scheme good or bad, this method can realize a function that converting from several different metrics into one metric.
Basing on the different characteristics of the target, the target is divided into the positive target, the inverse target and the appropriate target. The larger the value of the positive target is, the better the performance of enterprise is. This method has several steps. The first step is collecting the actual value for all kinds of records about the enterprise achievement. And the second is determining the satisfied value and the impermissible value that usually represented by the optimal value and the worse value according to the records. The last is determining the weight of target according to the importance of each target [14] . Therefore, in this paper, the transferred power and the efficiency are set as the evaluated and the positive targets, with their weights are presented to 50% and 50% respectively. According to the experimental records, Eq. (6) and Eq. (7), the satisfied value and the impermissible value for the transferred power are 0.25 W and 0 W, and the satisfied value and the impermissible value for transferred efficiency are 97% and 0% respectively. Thus the evaluated score D of performance for the WPT system can be presented as Eq. (12):
where T i , N i , S i and i represent the measured value, the impermissible value, the satisfied value and the weight percentage respectively. Thus the numerical simulation results of the performance evaluated scores corresponding to the ratio of power distribution for Type A and Type B are shown in Fig. 4 . Because of the existing of the cross coupling effect, the performance of system is worse than that in the case of ignoring cross coupling effect, especially when the cross coupling coefficient is relatively large, as illustrated in Fig. 4 . For Type A, if P mid :P end ¼ 1:5, the cross coupling coefficient k 13 is 0.271, which results in the performance score of system become small, and less than about 29.16 thats in the state of non-consider cross coupling effect. However for Type B non-adjacent coils are symmetrical about transmitted coil, the transferred power and efficiency for two loads approximately satisfied that the ratio of power for two RX acquired from the TX is inversely proportional to the ratio of distance between two RX and TX. Therefore, the difference of the performance scores between the cases of cross coupling and non-cross coupling keeps approximately invariant, as is shown in Fig. 4(b) .
Reactance compensation method
From Section 3, we can conclude that the performance of the system is often seriously affected by the cross coupling effect between non-adjacent coils, so it is necessary to put forward a method to eliminate the effect.
The WPT system with compensatory reactance is shown in Fig. 5 , where X 1 , X 2 and X 3 represent compensatory inductor L þ or compensatory capacitor C þ series in connected to TX, repeater and RX. The total reactance after inductive compensation and capacitive compensation for each loop are expressed as Eq. (13) and Eq. (14), respectively,
If using the inductive compensation, compensatory inductance may be more close to coupling coil and interfere with the original magnetic field and so as to affect coupling state of the system, especially when the diameter of compensatory inductance is large. So the capacitive compensation is the best scheme. The value of the adjustable capacitor is chosen as C=ð1 þ C=C þ Þ to reach the purpose of compensation. When the system reach to the state of resonant coupling ! ¼ ! 0 , we can write the matrix equation for model and derive the relation for X n with C n þ and X n with L n þ after compensation, which represented respectively by Eq. (15):
where
For the case of non-consider cross coupling (M 13 ¼ 0), solving Eq. (15) and Eq. (3), we can derive Eq. (17) of compensatory reactance for Type A,
. Q 1 , Q 2 and Q 3 are the loaded quality factor of the transmitter coil, repeating coil and receiver coil respectively. Likewise, for Type B, we have Eq. (18):
Simulation and experiment
As shown in Fig. 6 , the experimental platform is established by using a signal generator of EE1640C series, a GDS-2202 digital storage oscilloscope, three coils, three variable capacitances and etc.
These three coils in the experiment are circular and their diameter is about 16 cm, which fabricated by 1.5 mm diameter enameled copper wire. The inductance of each coil is about 10 uH, and the adjustable capacitance in the platform is about 120 pF. The resonant frequency is about 4.6 MHz, R L1 ¼ R L2 ¼ R S ¼ 50 Ohm, V S ¼ 10 V. Under P mid :P end ¼ 3:1 for Type A, the load voltage waveform of oscilloscope is showed in Fig. 7(a) . 
As shown in Fig. 7(a) , the ratio for the repeating load voltage to load voltage of the receiving loop is approximately 1.7, which is consistent with the theoretical value. The parameter and symbol of Type B are same as Type A. Under P LT :P RT ¼ 1:1 for Type B, in the same way, the load voltage waveform of oscilloscope is showed in Fig. 7(b) . As is illustrated in Fig. 7(b) , the load voltage of two receiver loops is almost same and two loads obtain the same equal power from the transmitter. This experiment used capacitive compensation.
are the compensatory capacitor according to Section 4 and it is figured out in the Table I (where PDR represents power distribution ratio):
As is illustrated in Fig. 7 and Fig. 8 , the voltage amplitude of two load voltages are larger than those without compensation. In a series of different operating frequency of the systems, this paper analyze and measure the transferred power, the efficiency and the performance evaluated scores for the system and compare with theoretical value. At the same time, the contrasted diagrams for transferred power, efficiency and performance evaluated scores for the system are shown in Fig. 9 , Fig. 10 and Fig. 11 . (TBC, TAC represent the test points before and after compensation respectively, and CAC represents corresponding curves after compensation according to Table I ).
In the Fig. 9 and Fig. 10 , before and after the compensation, the experimental results are obtained in the case of P mid :P end ¼ 3:1 and P LT :P RT ¼ 1:1. At the resonant point, the transferred power and efficiency after compensation are coincident with the case of system ignoring cross coupling effect. This paper from reactance compensation is to study how to eliminate the cross coupling at the resonant point for Type A and Type B model, so the question is that whether the system satisfy the critical coupling condition and work in the non-resonant point or not is not within the scope of main content now. As is illustrated in Fig. 11 , the performance of Type A and Type B after the compensation are better than those before compensation. As is shown above, the experimental data is consistent to the numerical analysis result. The curve of transferred power, the efficiency and the performance evaluated scores for simulation after capacitive compensation are coincident with those in the case of ignoring cross coupling, and the experimental measurements basically consist to the theoretical values for simulation. The system working at the resonant frequency can achieve the maximum transferred power that the total power for two loads can reach 0.2 W and the efficiency can reach about 91% for Type B in this experiments, in other words, it is verified as an effective and convenient method to eliminate the cross coupling effect. The research of wireless power transferred network (or WPT-LAN) is our next work, these methods also provide us an direction about analyzing and solving the relevant problem.
Conclusion
In the paper, a 3-coil MCR-WPT system with two loads has been studied. When a RX can be used as a repeater, the structure of the system is Type A, and the other is Type B with two RX symmetrical about the TX. Compared with Type B, Type A is very common and Type B in the structural symmetry can be regarded as a special case of the Type A. The performance of Type A and Type B after the compensation is better than that before the compensation. Basing on the experimental results and the simulation, its a feasible and effective method to eliminate the cross coupling effect that inserting additional reactance in each coil. Because the performance evaluation and the research method have not obvious limited, they may be extended to the WPT system with multi-repeater and multi-receiver, and more jobs on the mechanism are expected.
